phylum Bacteroidetes. The most closely related cultured species were Paludibacter propionicigenes with 16S rRNA gene sequence similarity of 87.5 % and several species of the genus Dysgonomonas (similarities of 83.5-85.4 % to the type strains). Based on the distinctive ecological, phenotypic and phylogenetic characteristics of strain ADRI T , a novel genus and species, Microbacter margulisiae gen. nov., sp. nov., is proposed. The type strain is ADRI T (5JCM Acid mine/rock drainage (ARD/AMD) is a phenomenon caused by the microbial oxidation of metallic sulfide-ores, which results in waters with low pH and high metals content. Such environments were considered uninhabitable until a few years ago, but a high variety of microbial activity was demonstrated recently (Baker & Banfield, 2003; Johnson & Hallberg, 2008; Sánchez-Andrea et al., 2011) . Some microbial processes such as methanogenesis and sulfate reduction (Sánchez-Andrea et al., 2013) were previously considered not to take place in such low-pH environments.
A screening for acidophilic sulfate-reducing bacteria (SRB) was performed using acidic sediments from one of the most studied ARD environments, Tinto River (Huelva, Spain) (Sánchez-Andrea et al., 2013) . During the isolation process of the SRB, a small, rod-shaped bacterium remained present in low numbers (less than 1 %) in the enrichments. Clone library analyses showed that the coenriched bacterium was distantly related to Paludibacter propionicigenes, an anaerobic, propionate-producing fermenter isolated from rice plant residue in anoxic rice-field soil in Japan (Ueki et al., 2006) . Sequences related to the bacterium were often detected in natural acidic environments (Church et al., 2007; Gaidos et al., 2009; Sánchez-Andrea et al., 2011) . Furthermore, these sequences were also detected in bioreactors remediating ARD waters (Bijmans et al., 2009 (Bijmans et al., , 2010 Dann et al., 2009; Hiibel et al., 2011 Hiibel et al., , 2008 Lindsay et al., 2011; Sánchez-Andrea et al., 2013) . The prevalence of this bacterium in acidic environments suggests an important role in both natural and engineered ecosystems. In this study, we report the isolation and characterization of strain ADRI T , an acidotolerant, propionate-producing, fermentative bacterium. Based on its distinctive ecological, phenotypic and phylogenetic characteristics, strain ADRI T is proposed to represent a novel species of a new genus.
A sulfidogenic enrichment of the aforementioned study (Sánchez-Andrea et al., 2013) was passed through a 0.45 mm filter (Millipore). The SRB were retained while the smaller fermentative contaminant passed the filter. Filtrate and dilutions were inoculated into 120 ml serum vials with 50 ml of an O 2 -free basal medium prepared as described previously (Stams et al., 1993) . However, the bicarbonate buffer was omitted to allow pH modifications. Basal medium was supplemented with 2 g yeast extract l
21
(Becton Dickinson), reduced with 0.5 g L-cysteine l 21 and adjusted to pH 5.5 prior to sterilization (1 atm, 20 min, final pH 5). When growth was detected, serial dilution in liquid media was performed three times, followed by streaking on agar plates (0.8 % Agar noble, Difco) three times and a final serial dilution. The purity of the isolate was confirmed by microscopic observation after growth with different substrates and by the clone library generated. Unless stated otherwise, strain ADRI T was cultivated anaerobically at 30 u C in the aforementioned medium; 2 g yeast extract l 21 was reduced to 0.1 g yeast extract l
and glucose (10 mM) was added as a substrate for routine cultivation of the strain.
Growth in liquid medium was monitored by measuring optical densities at 600 nm with a spectrophotometer (U-1500, Hitachi). Cell morphology and motility were examined by phase-contrast microscopy using a Leica DM2000 microscope. Gram staining was done according to standard procedures (Doetsch, 1981 T was studied at different incubation temperatures (from 15 to 45 u C), pH (from pH 3.0 to 7.5), salinity (up to 3 %, w/v) and oxygen concentrations. Soluble substrates and intermediates (sugars and volatile fatty acids) were measured using a Thermo Electron Spectrasystem HPLC equipped with an Agilent Metacarb 67H column. Gaseous compounds (H 2 ) were analysed using a Shimadzu GC-2014 Gas Chromatograph equipped with a Molsieve 13X column. Sulfide was measured photometrically with the methylene blue method (Cline, 1969) . Cellular fatty acids (CFAs) analyses were carried out by the Identification Service of the DSMZ (Braunschweig, Germany) by using the Sherlock MIS (MIDI) system (Miller, 1982) and identified by comparison with two different databases, TSBA and BHILB. For a proper comparison with the phylogenetically closest isolate, strain ADRI T was grown in the same medium as used for Paludibacter propionicigenes CFAs analyses, the prereduced peptone-yeast extract-glucose (PYG) medium, as described by Akasaka et al. (2003) , slightly lowering the pH to pH 6. Respiratory quinones were extracted using methanol/hexane (Tindall, 1990) , followed by phase separation into hexane and separated and analysed by HPLC by the Identification Service of the DSMZ. Analysis of the molar G+C content of genomic DNA was performed by the Identification Service of the DSMZ by HPLC (Tamaoka & Komagata, 1984) . To determine the phylogenetic affiliation of the isolate, total genomic DNA of strain ADRI T was extracted using the FastDNA SPIN kit for Soil and the FastPrep Instrument (MP Biomedicals). The 16S rRNA genes were amplified with the primer set 27F/1492R (T a 557 uC) for bacteria. Sequences were assembled with DNABaser software 3.5.3. The sequences were aligned by using SINA (v1.2.11) (Pruesse et al., 2012) and added to a database of over 260 000 homologous prokaryotic 16S rRNA gene primary structures by using the merging tool of the ARB program package (Ludwig et al., 2004) , manually corrected with the alignment tool of the same software and added by parsimony to the tree generated in the Living Tree Project (Yarza et al., 2008) . Phylogenetic reconstruction was performed using the three algorithms as implemented in the ARB package. The neighbour-joining method (Saitou & Nei, 1987) with Jukes-Cantor correction was preferably used for the generation of the consensus tree and bootstrap analysis performance.
Gram staining was variable, but strain ADRI T was vancomycin-resistant and cells gave a positive reaction in the 3 % (w/v) KOH test. Therefore, strain ADRI T is considered to possess a Gram-negative cell-wall structure. Cells were non-motile short rods, 0.4-0.6 mm in width and 1-1.7 mm in length, occurring singly (Fig. S1 , available in the online Supplementary Material). As was also previously observed for the closest phylogenetic relative, Paludibacter propionicigenes, longer cells were occasionally formed (Ueki et al., 2006) . Colonies on agar were whitish, translucent and circular, about 1 mm diameter in size. Strain ADRI T showed a strict anaerobic metabolism; growth was completely inhibited by the introduction of oxygen as indicated by the pink colour of resazurin in the medium. Spore formation was not observed and cells treated at 80 uC for 10 min did not grow.
Strain ADRI
T utilized yeast extract and a variety of sugars such as pentoses (xylose, arabinose), hexoses (glucose, galactose, mannose, rhamnose and, weakly, fructose), disaccharides (maltose, cellobiose, sucrose, lactose and melibiose) and oligosaccharides (raffinose). Major products of fermentation (mol per mol of glucose consumed) were propionate (0.86), acetate (0.37) and lactate (0.27). Hydrogen was not produced. Table S1 shows the concentration of the products formed when grown on different substrates. The strain did not use peptone, polysaccharides (starch), alcohols (glycerol, ethanol and methanol), or organic acids (pyruvate, formate, fumarate, lactate, acetate, succinate, malate, propionate and citrate). It did not reduce nitrate, sulfate, thiosulfate, sulfur, fumarate or iron (III)-nitrilotriacetate. Oxidase, urease and catalase activities were negative. Indole formation was negative. Aesculin and gelatin were hydrolysed. Activities for the following enzymes were detected: acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase b-glucosidase, N-acetyl-bglucosaminidase, a-mannosidase and a-fucosidase; and weak activity for alkaline phosphatase, esterase, esterase lipase and lipase. Temperature range for growth was 20-40 u C with an optimum at 30 u C; pH range for growth was pH 3.0-7.0 with an optimum at pH 6.5. Strain ADRI T showed pH-dependent behaviour; optical densities and substrate utilization strongly varied at different pH (Fig.  S2 , Table S2 ). NaCl concentration range for growth was 0-1.6 % (w/v). The generation time of strain ADRI T was about 6 h when grown with 0.1 g yeast extract l 21 and 10 mM glucose under optimal conditions (30 uC, pH 6.5). The predominant CFAs of strain ADRI T were anteiso-C 15 : 0 (30.3 %), iso-C 15 : 0 (29.2 %) and iso-C 17 : 0 3-OH (14.9 %). A comparison of all the CFAs detected in strain ADRI T and related species can be found in Table 1 . The major respiratory menaquinones were MK-8 (52 %) and MK-9 (48 %). The G+C content of the genomic DNA was 39.9 mol%.
Phylogenetically, strain ADRI T was affiliated to the family Porphyromonadaceae of the phylum Bacteroidetes (domain Bacteria, phylum Bacteroidetes, class Bacteroidia, order Bacteroidales, family Porphyromonadaceae). The complete 16S rRNA gene sequence showed a length of 1488 bp. Similarity calculations with full-length sequences were done in the ARB package by neighbour-joining analysis without corrected evolutionary distance. This indicated that the closest relatives of strain ADRI T were Paludibacter propionicigenes (87.5 %), Dysgonomonas gadei (85.4 %), Dysgonomonas hofstadii (85.0 %), Dysgonomonas mossii (83.5 %), Dysgonomonas capnocytophagoides (83.5 %) and Proteiniphilum acetatigenes (83.4 %). Phylogenetic tree reconstruction (Fig. 1) showed that strain ADRI T and Paludibacter propionicigenes formed a deep branch distantly related to each other and forming a separate cluster from the other recognized genera and species of the family Porphyromonadaceae. The high level of sequence divergence indicated that strain ADRI T represents a novel species of a new genus in the phylum Bacteroidetes.
Differences between strain ADRI
T and the most representative closest relatives are summarized in Table 2 . The cluster ADRI T /Paludibacter propionicigenes is clearly differentiated by several features from the species of the genus Dysgonomonas. The latter species correspond to facultative anaerobes isolated from human clinical specimens (Hofstad et al., 2000; Lawson et al., 2002 Lawson et al., , 2010 while the cluster ADRI T /Paludibacter propionicigenes corresponds to strict anaerobes isolated from environmental samples.
Possibly related to that, the optimum temperature for growth of ADRI T /Paludibacter propionicigenes is 30 u C while the optimum temperature for growth of species of the genus Dysgonomonas is 37 u C. Additionally, members of the genus Dysgonomonas present coccobacilli shapes while cells of both strain ADRI T and Paludibacter propionicigenes have a typical short rod shape. Proteiniphilum acetatigenes differs from the cluster ADRI T /Paludibacter propionicigenes in the ability to move, inability to ferment sugars (proteolytic metabolism), a higher genomic DNA G+C content (46.6 %), a higher optimum growth temperature (37 u C) and a higher pH range for growth (from pH 6.9 to 9.7). Some characteristics of strain ADRI T and Paludibacter propionicigenes are different. Strain ADRI T had an optimum temperature for growth at 30 u C and it could grow at 40 u C. Paludibacter propionicigenes does not grow at 37 u C and only weak growth was observed at 33 u C. The pH range is also a distinctive feature between both organisms; while Paludibacter propionicigenes grew within the range pH 5.0 to pH 7.6, strain ADRI T showed a broader range of growth, from pH 3.0 to 7.0. Strain ADRI T used lactose, raffinose, rhamnose and sucrose while Paludibacter propionicigenes did not. Major products of strain ADRI T from glucose were propionate, acetate and lactate while Paludibacter propionicigenes produced propionate and acetate, and a small amount of succinate. Paludibacter propionicigenes reduced fumarate to succinate (tested in this study) while strain ADRI T did not. CFA composition of both strains was similar in the major fatty acids (Table 1) , but anteiso-C 17 : 0 3-OH was found in Paludibacter propionicigenes, while iso-C 17 : 0 3-OH was present in strain ADRI T . Anteiso-C 15 : 0 , iso-C 15 : 0 , iso-C 17 : 0 3-OH and C 16 : 0 are the major CFAs found in all species of the genus Bacteroides (Miyagawa et al., 1979; Moore et al., 1994) . The overall CFA profile of strain ADRI T was consistent with this, with the exception of the lower abundance of C 16 : 0 and the high abundance of iso-C 15 : 0 (29.2 %), which is unique among the related species shown in Table 1 . The major respiratory quinone of Paludibacter propionicigenes was MK-8 (H 4 ) while in strain ADRI T , quinone MK-9 was also abundant. These data demonstrate that the ecological, physiological and chemotaxonomical characteristics of strain ADRI T are clearly different from those of phylogenetically related isolated species.
The detection of similar sequences in acidic environments, both natural and engineered systems, suggests that a thus far unknown bacterial linage closely related to strain ADRI T might be widespread, abundant and active in acidic environments. To date, most reported acidophilic heterotrophs are aerobes such as species of the genus Acidiphilium, which are able to oxidize several sugars and can also use ferric iron instead of oxygen. Other acidophilic heterotrophs are Acidisphaera rubrifaciens (Hiraishi et al., 2000) , Acidobacterium capsulatum (Kishimoto et al., 1991) and species of the genus Acidocella (Kishimoto et al., 1995) . However, these bacteria are not able to grow anaerobically. Recently 'Acidocella aromatica', an aerobe able to grow on acetate and aromatic compounds, has been characterized (Jones et al., 2013) . This bacterium showed anaerobic growth but only in symbiosis with members of the genus Desulfosporosinus.
On the basis of the data presented, we propose here a novel genus, Microbacter gen. nov., with Microbacter margulisiae sp. nov. as the type species, the first strict anaerobic fermenter isolated and characterized from ARD sediments.
Description of Microbacter gen. nov.
Microbacter (Mi.cro.bac9ter. Gr. adj. mikros small; N.L. masc. n. bacter a rod; N.L. masc. n. Microbacter a small rod).
Cells have a Gram-negative cell wall, and are non-sporeforming, non-motile, short rods. Strictly anaerobic. Optimum growth temperature is 30 uC within a range of 20 to 40 u C. Optimum growth pH is 6.5 within a range of pH 3.0-7.0. Oxidase, urease and catalase activities are negative. Indole formation is negative. Aesculin and gelatin are hydrolysed. Species utilize yeast extract and various sugars and produce propionate, lactate and acetate. Major cellular fatty acids are anteiso-C 15 : 0 , iso-C 15 : 0 and anteiso-C 17 : 0 3-OH. The major respiratory quinones are MK-8 and MK-9. The genomic DNA G+C content of the type strain of the type species is 39.9 mol%. The type species is Microbacter margulisiae.
Description of Microbacter margulisiae sp. nov.
Microbacter margulisiae (mar.gu.lis9i.ae. N.L. gen. fem. n. margulisiae of Margulis, named after Lynn Margulis).
Morphology and general characteristics are as described for the genus. Cells are small, non-motile rods, 0.4-0.6 mm in diameter and 1-1.7 mm in length. Elongated cells are occasionally formed. The temperature range for growth is 20 to 40 u C, with an optimum at 30 u C. The pH range for growth is pH 3.0 to 7.0, with an optimum at pH 6.5. NaCl (Hofstad et al., 2000) ; 6, Dysgonomonas mossii CCUG 43457 T (Lawson et al., 2002) , 7, Proteiniphilum acetatigenes (Chen & Dong, 2005) . +, Positive; (+) weak growth; 2, negative; ND, no data available. All strains were positive for aesculin hydrolysis. All strains were negative for urease, oxidase, nitrate reduction and sulfide production. All were Gram-negative and non-spore-forming. (III) . Oxidase, urease and catalase activities are negative. Indole formation is negative. Aesculin and gelatin are hydrolysed. The predominant CFAs are anteiso-C 15 : 0 , iso-C 15 : 0 and iso-C 17 : 0 3-OH. Menaquinones MK-8 and MK-9 are the major respiratory quinones.
The type strain, ADRI T (5JCM 19374 T 5DSM 27471 T ), was isolated from acidic sediments of an ARD environment (Tinto River, Spain). The G+C content of the genomic DNA of the type strain is 39.9 mol%.
